Objective: Summarize the outcomes and best practices of simulation training for laparoscopic surgery. Background: Simulation-based training for laparoscopic surgery has become a mainstay of surgical training. Much new evidence has accrued since previous reviews were published. Methods: We systematically searched the literature through May 2011 for studies evaluating simulation, in comparison with no intervention or an alternate training activity, for training health professionals in laparoscopic surgery. Outcomes were classified as satisfaction, skills (in a test setting) of time (to perform the task), process (eg, performance rating), product (eg, knot strength), and behaviors when caring for patients. We used random effects to pool effect sizes. Results: From 10,903 articles screened, we identified 219 eligible studies enrolling 7138 trainees, including 91 (42%) randomized trials. For comparisons with no intervention (n = 151 studies), pooled effect size (ES) favored simulation for outcomes of knowledge (1.18; N = 9 studies), skills time (1.13; N = 89), skills process (1.23; N = 114), skills product (1.09; N = 7), behavior time (1.15; N = 7), behavior process (1.22; N = 15), and patient effects (1.28; N = 1), all P < 0.05. When compared with nonsimulation instruction (n = 3 studies), results significantly favored simulation for outcomes of skills time (ES, 0.75) and skills process (ES, 0.54). Comparisons between different simulation interventions (n = 79 studies) clarified best practices. For example, in comparison with virtual reality, box trainers have similar effects for process skills outcomes and seem to be superior for outcomes of satisfaction and skills time. Conclusions: Simulation-based laparoscopic surgery training of health professionals has large benefits when compared with no intervention and is moderately more effective than nonsimulation instruction.
T he training of surgeons has traditionally followed an apprenticeship-based model of teaching in the operating room. This approach can be time-consuming, costly, 1, 2 and unethical due to potential for patient harm secondary to trainee inexperience. 3 Furthermore, the adoption of laparoscopic surgery in everyday surgical practice poses unique training challenges for educators, as laparoscopy requires a specific set of advanced skills and generates different teaching dynamics. 4 Simulation-based training (SBT) affords health professionals the opportunity to train in a structured environment that does not compromise patient safety and allows educators to recreate experiences that encourage deliberate practice, assessment, and feedback. 5 Such lack of structured training was evident during the early days of laparoscopy when rates of bile duct injury increased. 6, 7 Laparoscopic surgeons have been key drivers in the adoption of SBT, initially with isolated weekend training courses and later with the incorporation of the Fundamentals of Laparoscopic Surgery (FLS) program as a board certification requirement for graduating general surgery residents in the United States. 8 In the field of SBT generally, previous work has shown that technology-enhanced simulation is highly effective for a wide array of training interventions when compared with no intervention 9, 10 and moderately more effective than other instructional modalities. 11 Previous reviews have also proposed 12, 13 and provided empiric support for 14 key instructional design features that enhance the effectiveness of SBT.
Several focused reviews have attempted to delineate the impact of SBT specific to laparoscopic surgery [15] [16] [17] ; however, each had limitations including ambiguous classification of comparison interventions, restriction to randomized controlled trials, incomplete assessment of study quality, or no quantitative pooling to derive best estimates of effect. Moreover, numerous studies have been published since these reviews were written. An updated review of the evidence that addresses these limitations could help educators, administrators, and learners judge the effectiveness of simulation for the training of laparoscopic surgery, and more importantly, understand what makes it more or less effective.
METHODS
This review was planned, conducted, and reported in adherence to PRISMA standards of quality for reporting meta-analyses. 18 This study represents a planned subanalysis within a comprehensive systematic review project; more detailed methods have been published previously. 9
Study Eligibility
We included studies that investigated the use of technologyenhanced simulation to teach laparoscopic surgery to health professions learners at any stage in training or practice in comparison with no intervention or an active simulation-based or nonsimulation training activity. We defined technology-enhanced simulation as an educational tool or device with which the learner physically interacts to mimic an aspect of clinical care for the purpose of teaching or assessment. 9 We included single-group pretest-posttest studies and 2-group randomized and nonrandomized studies. We did not make exclusions based on outcome, year, or language of publication. Because of differences in tools used and fundamental skills required, we excluded studies dealing with other minimally invasive techniques, such as natural orifice transluminal endoscopic surgery, arthroscopy, and gastrointestinal, airway, or urogenital endoscopy.
Study Identification and Selection
With no beginning date cutoff and an end date of May 11, 2011 we searched MEDLINE, EMBASE, CINAHL, PsychINFO, Scopus, ERIC, and Web of Science for eligible studies. We also searched the references of several key reviews and of 190 randomly selected included studies. Our complete search strategy has been published previously. 9 After identifying all studies of technology-enhanced simulation for health professions education, 2 reviewers working independently screened all titles and abstracts (or full text if doubt) for inclusion, resolving conflicts by consensus. Chance-adjusted interrater agreement for study inclusion, as determined using intraclass correlation coefficient, 19 was 0.69. From this set of included articles, we identified studies focused on laparoscopic surgery training by coding the clinical topic during data extraction.
Data Extraction
We abstracted data using an electronically kept data abstraction form, working independently and in duplicate. Foreign-language articles were translated in full before data abstraction. We abstracted study characteristics, such as the training level of learners, clinical topic, training location (simulation center or clinical environment), study design, and method of group assignment. We also coded features of the intervention, including feedback, repetitions, clinical variation, mastery learning, task complexity, simulator type, haptics [sense of touch (physical resistance to movement)] for studies using a simulator-user interface, whether training took place in a single day or was distributed over more than 1 day, and whether there was contextual agreement between training and assessment (ie, training and assessment performed with the same task and simulator).
We abstracted information separately for outcomes of satisfaction, knowledge, skills (in a simulated context), behaviors with patients, and patient effects. 20 We further classified skills as time (eg, time to complete the task), process (eg observed proficiency, economy of movement), and product (eg, end product quality). We similarly classified behaviors with patients as time and process. We converted reported results to a standardized mean difference [Hedges' g effect size (ES)], using methods described previously. 9 For articles containing insufficient information to calculate an ES, we requested additional information from authors via e-mail. Methodological quality was graded using the Medical Education Research Study Quality Instrument 21 and an adaptation of the Newcastle-Ottawa scale for cohort studies. 22
Data Synthesis
We grouped studies according to the comparison arm (no intervention, nonsimulation intervention, or simulation intervention). For studies comparing simulation training with no intervention, we planned quantitative synthesis by pooling study results according to each outcome, using meta-analysis. We planned sensitivity analyses excluding studies with imprecise ES calculations (calculated using P value upper limits or imputed standard deviations) and nonrandomized studies. Additional subgroup analyses were based on study design, study quality score, learner type, training task, and select instructional design features (feedback, number of repetitions, haptics, mastery learning, and clinical variation).
Heterogeneity across study outcomes was quantified using the I 2 statistic, 23 which estimates the percentage of variability or inconsistency across studies not due to chance. I 2 values more than 50% indicate large inconsistency. Because we anticipated large inconsistency in most analyses, we used random effects models to pool weighted ESs. We used SAS 9.1 (SAS Institute, Cary, NC) for all analyses. Statistical significance was defined by a 2-sided α of 0.05, and educational relevance was determined in relation to Cohen's ES classifications (>0.8 = large, 0.5-0.8 = moderate, 0.2-0.5 = small). 24 Funnel plots and Eggers asymmetry test 25 were used to test for publication bias.
Using an inductive approach, we reviewed studies comparing simulation with another instructional modality (eg, video, lecture) or with another active simulation intervention to identify salient themes and provide a qualitative synthesis of evidence focusing on key instructional design features. We used previously identified key features and themes as a starting framework. [12] [13] [14] Meta-analyses were performed to pool results for recurring themes.
RESULTS

Trial Flow
Our search yielded 10,903 articles. From these, we identified 985 comparative studies of SBT, and from these we found 219 studies specific to laparoscopic surgery training, namely, 151 (69%) no intervention, 3 (1%) nonsimulation instruction, and 79 (36%) othersimulation comparisons (Fig. 1 ). The majority of the studies (N = 120; 55%) were published in or after 2007, and 5 (2%) were published in a language other than English. Table 1 summarizes key study features, and the Supplemental Digital Content Appendix (available at: http:// links.lww.com/SLA/A353) provides a complete listing of references with additional information.
Study Characteristics
Investigators used technology-enhanced simulation to teach laparoscopic surgery to postgraduate trainees (n = 128 studies, 2438 trainees), medical students (n = 85 studies, 1748 students), and physicians in practice (n = 45 studies, 1574 surgeons). Training focused on basic laparoscopic tasks (n = 177 studies, eg, peg transfer and pattern cutting), intracorporeal suturing (n = 86), and full surgical procedures in the fields of general (n = 35, eg, laparoscopic cholecystectomy, appendectomy, fundoplication, and hernia repair), urologic (n = 12, eg, nephrectomy and ureteral anastomosis), and gynecologic surgery (n = 12, eg, hysterectomy, salpingooophorectomy, and tubal ligation).
Training interventions were distributed over more than 1 day in 145 (66%) studies, and opportunities for repeated practice (at least 10 repetitions) were present in 76 (35%) studies. Of 111 studies that employed virtual reality (VR) training, 26 had computer-enhanced haptic feedback. A total of 89 (40%) simulation interventions used a combination of several different instructional modalities (eg, video, lecture) and simulator platforms [eg, box trainer (BT), VR; median 4, range 1-7].
The most commonly reported outcomes were those of skill process (eg, performance ratings on a simulator; n = 180), skill time (eg, task completion time; n = 139), behavior process (eg, performance †The number of studies and trainees in some subgroups may sum to more than the number for all studies because several studies included more than 1 trainee group, fit within more than 1 surgical task, or reported multiple outcomes.
‡Selected listing of the surgical tasks addressed most often (numerous other topics were addressed, with lower frequency). Some interventions addressed more than 1 surgical task. ratings in the clinical setting; n = 17), and skill product (eg, knot strength; n = 16). Less common were outcomes of satisfaction (n = 10), knowledge (n = 10), and behavior time (n = 7). Only 1 study examined patient outcomes (ie, intraoperative complications). Outcome assessment occurred in the same simulator as the training task in 144 (66%) studies, same task but different simulator or environment in 29 (13%) studies, different task and same simulator in 2 (1%) studies, and different task and different simulator or environment in 43 (20%) studies.
Study Quality
The number of enrolled participants ranged from 3 to 832, with a median of 21 (interquartile range, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Ninety-one (42%) studies were randomized. Outcomes were objectively determined by faculty ratings or simulator/computer scoring in 202 (92%) studies. Eighty-one (37%) studies reported that more than 25% of participant lost to follow up from time of enrollment or failed to report followup. Blinded assessment of outcome occurred in 134 (61%) studies. The mean (SD) Newcastle-Ottawa scale (maximum 6 points) and Medical Education Research Study Quality Instrument (maximum 18 points) study quality scores were 2.5 (1.5) and 11.9 (1.8), respectively ( Table 2 ).
Synthesis
Effectiveness in Comparison With No Training
Overall, SBT of laparoscopic skills, in comparison with no intervention, seems effective regardless of outcome, level of learner, study design, or laparoscopic task trained. Nine studies reported knowledge outcomes (eg, anatomical understanding), with pooled ES of 1.18. For time outcomes, 89 studies assessed task completion time on a simulator (ES, 1.13) and 7 assessed time on a patient (ES, 1.15). For process outcomes (eg, performance ratings), 114 studies reported outcomes measured using a simulator (ES, 1.23), and 15 reported process outcomes in the clinical setting (ES, 1.19) . Seven studies assessed product outcomes (eg, knot integrity) on a simulator (ES, 1.09), and 1 study evaluated patient outcomes (ES, 1.28). All these ESs favored simulation training and were both statistically and educationally significant (P < 0.05 and ES > 0.8) (Fig. 2) .
Heterogeneity was large for most outcomes tested in the simulated environment (I 2 > 80%) and moderate for outcomes evaluated in the clinical setting (I 2 = 40% to 50%). Only 3 studies had inferior outcomes (negative ES) for simulation training, with 2 studies 26,27 demonstrating prolonged task time but improved performance and 1 study showing inferior performance on a porcine appendectomy task after VR-training on a laparoscopic cholecystectomy task. 28 To further explore this heterogeneity and to evaluate the impact of selected instructional design features (feedback, number of repetitions, haptics, mastery learning, and clinical variation), we performed subgroup analysis. These demonstrated no consistent pattern of effect (see Supplemental Digital Content Appendix available at: http://links. lww.com/SLA/A353). Sensitivity analyses excluding nonrandomized studies and studies with imprecise ESs yielded similar pooled results. Asymmetric funnel plots suggested possible publication bias for several outcomes. However, trim and fill analyses did not appreciably alter findings (data not shown). (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . †Mean (SD) Newcastle-Ottawa Scale score was 2.5 (1.5) of 6 maximum; median (range) was 2 (0-6). ‡Comparability of cohorts criterion A was present if the study (1) was randomized or (b2 controlled for a baseline learning outcome; criterion B was present if (1) a randomized study concealed allocation or (2) an observational study controlled for another baseline trainee characteristic.
MERSQI indicates Medical Education Research Study Quality Instrument.
FIGURE 2. Simulation versus no intervention for laparoscopic surgery training.
Features of Effective Instructional Design
To provide educators with guidance on key decisions in course development, we sought evidence of the impact of instructional design features in an inductive analysis of the 79 studies making comparison with other active simulation instruction (ie, comparative effectiveness studies, Table 3 ). We found the following dominant themes:
Simulator Platform. Twenty-one studies (17 randomized) compared a VR simulator with a BT for the training of laparoscopic surgery. The pooled ES significantly favored training with BT for outcomes of satisfaction (ES: 0.61, N = 5 studies) and skills time (ES: 0.33, N = 16 studies); however, there was no significant difference between modalities for the remaining outcomes ( Fig. 3 ). 32, 33 or cadaver models, 34, 35 favored BT training for skill outcomes (ES: 0.79, 95% CI: 0.08-1.5). One study showed that cadavers were preferred by learners to animals (satisfaction, ES: 1.05). 36 Five studies compared a less costly or simplified BT version with a standard BT (eg, using a webcam or a mirror instead of a video tower and camera system) 37 ; results uniformly showed that for skill outcomes, the low-cost option was as effective [38] [39] [40] [41] or better 37 than the standard BT (ES: 0.70, 95% CI: 0.02-1.39). Three other studies found that increased physical resemblance of the BT was associated with improved performance (skill process ES: 0.82, 95% CI: 0.49-1.15) and learner satisfaction (ES: 1.18, 95% CI: 0.33-2.03). [42] [43] [44] Copyright © 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. Haptics. Eight studies evaluated laparoscopic training with or without haptic or force feedback sensation, all with outcomes assessed in a simulated environment. Overall, there was no significant difference in performance for training that incorporated haptic feedback (eg, ES for haptics on skill process: 0.10, 95% CI: −0.64 to 0.84; Fig. 4 ). However, 1 study offered results suggesting that training with haptics was more beneficial for advanced laparoscopic tasks, such as suturing, as opposed to basic hand-eye coordination tasks. 45 Another found that although haptics did not enhance performance, it improved learner's satisfaction (ES: 0.84). 46 Finally, the timing in which haptics are introduced to the training regimen and the type of haptics may be important, given that 2 studies that introduced training with BT (real-life haptics) before the training of VR (with or without computer-enhanced haptics) found improved performance (skill process ES: 0.88, 95% CI: 0.07-1.70) when the training regimen began with a BT as opposed to a VR simulator. 47, 48 Instructional Design Variations. Four studies examined the impact of training with clinically relevant or complex tasks against easy or nonclinically relevant tasks. Results suggested that increased task complexity could prolong training time 49 but overall improved skill outcomes (ES: 0.53, 95% CI: 0.190-0.87; N = 3). [50] [51] [52] Studies that evaluated the effect of training under conditions that closely reflect clinical practice (stress, noise, or altered visual dynamics due to camera movement or reverse alignment conditionsie, working against the camera) 53-58 were associated with improved task performance (ES for skill process 0.82, 95% CI: 0.35-1.30). However, interventions that focused on mental imagery or cognitive training, [59] [60] [61] [62] [63] showed no substantial difference in performance for either skill time (ES: −0.38, 95% CI: −1.70 to 0.93; N = 3) or skill process (ES: 0.53, 95% CI: −0.11 to 1.18; N = 3), with positive numbers favoring cognitive training.
Comparisons between a BT and either animal
Added Training. As would be expected, studies that examined the added value of extra training in the form of pretraining, additional repetitions, or posttraining reenforcement demonstrated improved outcomes including faster task completion times (ES: 1.12, 95% CI: 0.61-1.64; N = 4), [64] [65] [66] [67] less skill decay (skill process ES: 0.56, P = 0.02), 68 and cost savings of subsequent training interventions (eg, decreasing supplies needed to reach proficiency during FLS training). 69, 70 Feedback and Instructor Presence. Seven studies evaluated the impact of feedback on laparoscopic skills training. Results suggest that some feedback is better than no feedback, 71, 72 but that the timing, amount, and type of feedback matter. [73] [74] [75] [76] [77] Feedback given concurrent with the training task (as opposed to feedback at the end of the task) 73 and a limited amount of feedback (as opposed to extensive) 74 were associated with improved short-term performance [skills process, ES: 1.85 (P < 0.04) and 0.24 (P < 0.02), respectively]. However, attempts to understand how to effectively deliver audiovisual feedback yielded mixed results. One study supported that verbal or auditory feedback is better than no feedback (skill process ES: 1.36, P < 0.01), 75 another study found that visually displayed feedback was better than verbal feedback (skill process ES: 0.14, P < 0.01), 77 and yet another study found that training with either visual or verbal cues prolonged training time. 76 The effect of instructor presence was evaluated in 5 studies. Three studies directly compared instructor-regulated learning (IRL) with self-regulated learning (SRL). Overall, there was no significant difference between IRL and SRL for skill process (ES: 0.36, 95% CI: −1.33 to 2.04) or for skill time (ES: 0.48, 95% CI: −1.57 to 0.60) measures, with positive numbers favoring IRL. [78] [79] [80] Two studies evaluated local versus distant instructor presence (so-called telementoring), with results suggesting that distance mentoring is better than not having an instructor (skill process, ES: 1.46, P < 0.01), 81 and that distance instruction can be equivalent to local mentoring for skill outcomes of process and time. 82 
DISCUSSION
SBT for laparoscopic surgery is associated with large favorable effects for all studied outcomes when compared with no intervention. Limited evidence also suggests that SBT is associated with moderately greater outcomes than nonsimulation interventions (ie, video instruction).
Studies that compared 2 simulation approaches head-to-head yielded the greatest insight into best practices when using simulation for laparoscopic surgical training. For example, studies that contrasted simulator platforms showed that box-trainer-type simulators are associated with moderately greater outcomes than VR simulators with regard to learner satisfaction and task time (measured in the simulated setting) and had similar effectiveness for all other outcomes. Pragmatically, it seems that the addition of computer-enhanced haptic feedback to VR simulator training does not add tangible benefit, and limited evidence suggests that haptics may be detrimental under some circumstances. We found no significant difference between IRL and SRL. Data also support use of training interventions that challenge learners to engage with either more complex or clinically relevant tasks and those that foster training under conditions that more closely emulate clinical reality (eg, stress, noise, altered visual dynamics).
Limitations and Strengths
Our results are limited by the quantity and quality of the original studies included in this review. For example, slightly less than half of the studies were randomized trials and outcome assessment was blinded to group allocation in less than 61% of studies. However, most outcomes (>90%) were objectively determined, the study quality was similar to that in previous reviews of SBT, 83 and the sample of 218 studies is nearly 10 times greater than the last review on the topic. 17 Although the large between-study heterogeneity is a weakness of this review, it is also a strength in terms of comprehensiveness and breadth of scope. Moreover, all but 3 outcomes favored SBT, indicating that studies varied in the magnitude but not in the direction of effect.
Our findings on VR simulators do not apply to their potential for learner assessment. Nonetheless, investigators have also questioned the validity of such industry-determined assessment metrics. 84 Also, our results pool the available evidence on VR simulators that span several decades and generations of simulators, which may not be representative of contemporary VR systems.
Strengths of this review include a comprehensive literature search, rigorous and reproducible coding, and focused analyses. By first identifying a large pool of studies focused on simulation-based education generally, and then identifying simulation-based laparoscopic surgery training interventions within this pool, we identified many relevant studies that might have been missed using a search with more focused terms.
Implications
Our findings are consistent with previous reviews in surgery 15, 16 and medical education broadly 9 that SBT works in comparison with no intervention. To the most recent review of SBT for laparoscopic surgery, 17 we add 196 new studies and a more detailed quantitative analysis of head-to-head comparisons to elucidate SBT best practices.
Studies that compare simulation to a no-intervention or control group do little to advance our understanding of how to best use simulation, as they answer only the question: does it work? Simulation works, as evidenced by the 151 studies in the present review and 458 additional studies in other medical education topics. 9 Given the difficulty in isolating the instructional modality (eg, simulation, lecture) from the instructional design (eg, feedback, repetitions), direct quantitative comparisons of simulation and nonsimulation interventions are problematic. 17, 85 Studies that compare different simulation interventions head to head, with variations in modality and instructional design, 86 will help us clarify 87 when simulation interventions are educationally cost-effective, 88 for whom, at what dose, in what combination, with what task, and in what sequence.
The optimal amount of feedback and its timing and source are critical to learning a new skill. Unfortunately, evidence on feedback pertaining to laparoscopic surgery training is limited to assessment in the short term (eg, immediate posttest) rather than the long term (eg, 2-month retention testing). This emphasis on the short term is problematic, because research in motor learning has shown that the effect of feedback on skills acquisition (ie, performance) and longterm retention (ie, learning) depends on the timing of the assessment relative to the intervention. Our results from this review demonstrate that some feedback is better than none, and that feedback given in limited amounts, delivered graphically or visually (as opposed to spoken), and concurrent to the training task led to short-term gains. If we relate the latter finding to previous evidence, concurrent feedback during each practice attempt has been shown to lead to an overreliance on the feedback such that when feedback is withdrawn the learner's performance declines. 89 Indeed, previous studies of procedural skills training (nonlaparoscopic) have shown that feedback given at the end of each task (terminal feedback) is superior to concurrent feedback for long-term skill retention. 90, 91 It seems that much remains to be learned about the optimal use of feedback and other instructional design features (eg, self vs instructor), and studies that address both short-and long-term retention after laparoscopic surgery training are needed.
Studies that have more training time embedded in their curriculum, distributed over more than one day, 92 with well-established goals, 93 decay. These findings suggest that simulation training should not be a one-time event but rather part of a continuous training philosophy.
VR simulators are an expensive training commodity. The lack of a clear advantage of VR over BT calls into question their added value and role in training curricula. Furthermore, BTs that are designed with less costly or with more simplistic materials or technology (eg, webcams or mirrors) seem to be similarly or more effective than BTs that employ standard laparoscopic equipment. However, BTs with increased physical resemblance to the human body were preferred to those that are abstract in nature. Hence, a balance between simplicity, low cost, and physical resemblance to the human body must be sought, all while ensuring educational effectiveness as the top priority.
This review provides us with initial but limited insights into best practices for using simulators to train laparoscopic surgery. Hence, educators wishing to use the instructional design features highlighted in this review (eg, feedback, SRL, cognitive training), and others reported in additional areas of SBT, 14 would benefit from carefully designed, theory-driven research agendas that systematically study how to best incorporate these features into SBT experiences. This review, and the topics highlighted herein, may serve as a roadmap to inform a research agenda that will advance the science of SBT for the training of laparoscopic surgery.
